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Abstract
This work focuses on the rapid synthesis and characterization of quaternary Ce(CoFeCu)5 alloy libraries to
assess their potential viability as permanent magnets. Arrays of bulk specimens with controlled compositions
were synthesized via laser engineered net shaping (LENS) by feeding different ratios of alloy powders into a
melt pool created by a laser. Based on the assessment of the magnetic properties of the LENS printed samples,
arc-melted and cast ingots were prepared with varying Fe (5–20 at.%) and Co (60–45 at.%) compositions
while maintaining constant Ce (16 at.%) and Cu (19 at.%) content. The evolution of the microstructure and
phases with varying chemical compositions and their dependence on magnetic properties are analyzed in as-
cast and heat-treated samples. In both the LENS printed and cast samples, we find the best magnetic
properties correspond to a predominantly single-phase Ce(CoFeCu)5 microstructure in which high
coercivity (Hc > 10 kOe) can be achieved without any microstructural refinement.
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This work focuses on rapid synthesis and characterization of quaternary Ce(CoFeCu)5 
alloy libraries to assess their potential viability as permanent magnets. Arrays of bulk 
specimen with controlled compositions were synthesized via Laser Engineered Net 
Shaping (LENS) by feeding different ratios of alloy powders into a melt pool created by a 
laser. Based on the assessment of the magnetic properties of the LENS printed samples, 
arc-melted and cast-ingots were prepared with varying Fe (5-20 at.%) and Co (60-45 
at.%) compositions, while maintaining constant Ce (16 at.%) and Cu (19 at.%) content. 
The evolution of microstructure and phases with varying chemical compositions and their 
dependence on magnetic properties are analyzed in as-cast and heat treated samples. In 
both the LENS printed and cast samples, we find the best magnetic properties correspond 
to a predominantly single phase, Ce(CoFeCu)5, microstructure in which high coercivity 
(Hc > 10 kOe) can be achieved without any microstructural refinement.   
 
 
INTRODUCTION 
High-performance permanent magnets with enhanced energy product and thermal 
stability requires critical and expensive materials such as Nd, Sm, Dy and Co.1-3 Supply 
challenges and price instability associated with these elements, however, have prompted 
the need to develop viable alternative magnet alloys with reduced critical elements.4-8 
Conventional permanent magnet synthesis typically involves complex multi-step 
processing9, which can be a rate limiting step in new alloy development. Developing 
new, or improvement in existing permanent magnet alloys with decreased amounts of 
critical materials requires accelerating both the alloy synthesis and property 
characterization. This will enable rapid screening of large ranges of compositions and 
microstructural phase space and identification of trends in structure-property 
relationships. Combinatorial synthesis via thin film or additive manufacturing coupled 
with high-throughput characterization methodologies is an attractive approach for 
developing new magnetic materials, however, this has been mostly limited to soft 
magnetic materials.10-17 
In this work, we used bulk combinatorial synthesis via 3D metal printing, i.e., 
Laser Engineered Net Shaping (LENS), coupled with high-throughput characterization 
techniques to rapidly identify potential permanent magnet alloy compositions in the Ce-
Co-Fe-Cu quaternary system. The Ce-Co-Fe-Cu system was chosen based on recent work 
by Palasyuk et al. which has shown that high coercivity can be obtained in single crystals 
of 1:5 Ce-Co-Cu and 1:5 Ce-Co-Fe-Cu without any microstructural refinement.18 
The magnetic properties as a function of alloy composition have been evaluated to 
assess the trends in structure-property relationship for the library and identify the best 
candidate(s) composition for optimization using traditional casting methods. Arc-melted 
and cast-ingots were prepared based on the identified candidates from the rapid 
assessment study. The microstructural evolution, phase formation, and magnetic 
properties of the cast alloys are investigated and discussed.  
EXPERIMENTAL 
A library of alloys was synthesized by 3D printing using an Optomec MR-7 
LENS system. A melt pool was created on a stainless steel substrate by the Ytterbium 
laser (wavelength of 1070 nm, power of 100 W) into which three different pre-alloyed 
powders were fed at a pre-determined rate. The pre-alloyed powders were obtained by 
crushing/grinding and sieving ingots of CeCo5, Ce(Co0.5Cu0.5)5, and Ce2Fe17 purchased 
from ACI Alloys Inc. to obtain powders in the size range of 45 to 150 microns. During 
melting, the print head was drawn upward at a rate of 0.2 mm/s (no rastering in x- or y-
directions) to form rods of diameter, D ≈ 3 mm and height H ≈ 20 mm. All the LENS 
samples (25) were printed in 2 hours, compared to conventional process that may take 
days or weeks to prepare equivalent number of samples. 
The morphology of as-printed rod-shaped samples are shown in Figure 1a. To 
promote compositional uniformity the as-printed rods were wrapped in Tantalum foil and 
sealed in quartz tube in Ar atmosphere and then heat treated at 900 oC for 96 h followed 
by aging at 400 oC for 24 h followed by furnace cooling to room temperature. 
The arc melted and drop-casted bulk specimens with diameter of 10 mm were 
prepared by the Materials Preparation Center at Ames Laboratory using 99.9% pure 
cerium and cobalt, and 99.99% pure iron, and copper.19 Identical heat treatment 
procedures were used on the cast samples as on the LENS printed samples to optimize 
the microstructure.   
The chemical compositions of the as-printed and as-cast samples along with the 
heat treated samples were measured by x-ray fluorescence (XRF) using a Bruker M4 
TORNADO Micro-XRF spectrometer (µ-XRF; 25 μm spot size) operated at 50 kV and 
300 μA (Rh target). Magnetic properties were measured up to 30 kOe using a Quantum 
Design vibrating sample magnetometer (VSM). The Curie temperatures (Tc) were 
measured by performing thermogravimetric analysis (TGA) in magnetic field using an 
NETZSCH STA 449 F3 Jupiter thermal analyzer with auto sampler, as described in Ref. 
17. Structural characterization was performed using a FEI Teneo field emission scanning 
electron microscope (SEM) equipped with Oxford Energy dispersive X-ray spectroscopy 
(EDS). 
RESULTS AND DISCUSSION 
The chemical compositions of the LENS printed samples measured using µ-XRF 
(after heat treatment) are shown in the pseudo-ternary Ce-Co-FeCu diagram in Fig. 1b. 
For the 25 different samples that were prepared, a large range of composition with 
varying amount of Ce, Co, Fe and Cu is observed. The goal of this study was to straddle 
the compositions around the 1:5 Ce-Co composition, while substituting different amounts 
of Cu and Fe for Co.  Binary CeCo5 is a hexagonal intermetallic compound with a single 
easy axis, large magnetocrystalline anisotropy at room temperature (K1 = 7.2 × 107 
erg/cm3), and moderate saturation magnetization 4π Ms = 8700 Gauss (81 emu/g for ρ = 
8.54 emu/g).20 Moreover, it has a very high anisotropy field, HA = 200 kOe, with a 
theoretical upper limit for energy product of 18.9 MGOe.20 These properties make this 
compound an attractive permanent magnet since Ce, while a rare earth, is in abundance. 
However, decreasing the critical element Co is also important. Past work has shown that 
substitutions of Fe and Cu can have a beneficial effect on some of the permanent 
magnetic properties of the CeCo5 system and thus are ideal alloying additions for this 
combinatorial study.21 
 
Fig. 1 (a) As-printed bulk Ce-Co-Fe-Cu rods on stainless steel substrate, (b) chemical 
composition distribution in ternary Ce -Co- FeCu diagram, and (c-e) magnetic hysteresis 
loops measured by VSM of the LENS printed rods with different chemical compositions. 
 
Fig. 1c-1e shows representative magnetic hysteresis loops of the printed rods after 
heat-treatment with different chemical compositions as shown in inset. The results show 
quite clearly that the hard magnetic properties decreased with Fe content for the LENS 
printed samples. As mentioned above, LENS printing has primarily been used for 
synthesizing soft magnetic materials, 10-12, 17 therefore it is interesting that the process can 
be used to identify potential permanent magnet materials, even in complex materials 
systems.  
Fig. 2a and 2b shows the contour plots of coercivity (Hc) and saturation 
magnetization (Ms) respectively, extracted from hysteresis loops of the LENS samples as 
a function of Ce-Co-FeCu composition. Furthermore, the lowest Curie temperature (Tc) 
of the samples are shown in Fig. 2c. From the contour plots, it can be seen that Hc 
increases with increasing Co content (Fig. 2a) which indicates that Co plays stronger role 
in enhancing magnetocrystalline anisotropy than Fe. The Ms increases with increasing Fe 
content (Fig. 2b) in line with the fact that the magnetic moment per atom for Fe (2.2 Bohr 
magnetons) is higher than that for Co (1.7 Bohr magnetons). Moreover, the Tc varies as a 
function of Fe, Cu and Co (Fig. 2c). This competing property-composition dependencies 
highlights the difficulties in identifying optimal alloy compositions for permanent magnet 
alloy applications and the need for accelerated alloy development. For example, certain 
compositions show good Hc, but poor Ms and/or Tc while the opposite is true for other 
compositions, which might exhibit high Ms, but low Hc and Tc. To help identify 
compositions that will potentially achieve a good combination of properties for 
permanent magnet applications, we normalized all the measured data to some minimum 
properties (Hc = 2 kOe, Ms = 40 emu/g and Tc = 400 °C) and then plotted the 
compositions that met these minimum requirement on the radar plot shown in Fig. 2d. It 
is important to note that Tc and Ms are intrinsic properties, which are not likely to change 
much with microstructural optimization, while Hc is an extrinsic property that can be 
highly dependent on microstructure. Therefore, it is difficult to down select the 
compositions based on Hc, since we cannot be certain what values could be realized with 
additional processing. Regardless, we based our down select criteria on the best 
combination of Tc, Ms and Hc in the heat-treated LENS samples and identified the 
approximate composition of Ce16.3Co59.5Fe4.8Cu19.4 at.%. Using conventional arc melting 
and drop casting we synthesized this composition along with 3 other alloys with different 
amounts of Fe and Co as shown in Table 1, based on the formula CeCo5-x-yCuxFey.   
 
Fig. 2 Contour plots of magnetic properties (a) coercivity (Hc), (b) saturation 
magnetization (Ms), and (c) Curie temperature (Tc) as a function of the Ce-Co-FeCu 
compositions extracted from hysteresis loops. Fig. 2d Radar plot of LENS printed 
samples after heat treatment with different composition with normalized Hc, Ms, and Tc. 
 Fig. 3 shows the magnetic hysteresis loops of as-cast and heat-treated samples of 
composition Ce16.3Cu19.4Co59.5-xFex. The values of Hc and Ms are summarized in the 
Table 1. Similar to LENS printed sample, as cast and heat treated 5 at.% Fe sample show 
a significant Hc, with values over 10 kOe for heat treated sample. It can also be seen 
from Fig.1c and 3a that the LENS printed sample and arc-melted samples with 5 at.% Fe 
exhibit canted magnetic hysteresis loops. This type of hysteresis loop is typical of non-
coherent switching involving either of the following: decoupled hard and soft magnetic 
phases, large and small grains, compositional variations or a combination of those. It is 
more likely to arrive at any of those conditions that lead to non-coherent switching in 
LENS printed samples, compared to arc-melted samples. For example, arc–melted 
samples are prepared by melting stoichiometric amounts of Ce and Co (99.9%) and Fe 
and Cu (99.99%) on a water-cooled copper mold. The ingots were turned over and 
remelted several times for homogenization. On the other hand, LENS printed samples 
were prepared by feeding three different pre-alloyed powders of CeCo5, Ce(Co0.5Cu0.5)5, 
and Ce2Fe17. During melting, the print head was drawn upward to form rods. Therefore, 
the surface layer of the printed rod potentially contains partially melted powders and/or 
inhomogeneous mixing. Compared with arc-melted samples, solidification in LENS 
printed samples is more rapid and often leads to metastable phase formation. It is possible 
that the printed samples, even after heat treatment, still retained some inhomogeneity 
leading to soft or hard phases that are responsible for two-phase hysteresis loop. 
With increasing Fe content up to 15 at.%, Hc slightly increases in the as-cast 
samples and then shows a precipitous drop for as cast sample containing 20 at.% Fe. Hc 
decreases monotonically (10.8 to 5.4 kOe) with increasing Fe content for heat treated 
sample. It can also be seen from the magnetic hysteresis loops in Fig. 3 that the 
magnetization does not saturate. The anisotropy field of CeCo5 is significantly higher, 
~200 kOe. Alloying additions of Fe and Cu for Co appears to increase the anisotropy 
field, which can be the primary reason for the magnetization not to saturate. Increasing 
the Fe to 15 at.% results in a homogenous microstructure of Ce(CoFeCu)5 as the primary 
phase with high Hc. Further increase in Fe to 20 at.% results in an increase in Ms, but a 
decrease in Hc. From the hysteresis loops, it is clear that the heat treatment of cast alloys 
leads to a significant increase in Hc relative to the as-cast state. The heat treated cast rods 
show a maximum BHmax of 3 MGOe for 10 at.% Fe. While the magnetic properties are 
not comparable to SmCo5 magnet alloys, the relative decrease in Co along with the 
improved processing flexibility makes the identified compositions potentially interesting 
for permanent magnet applications. Furthermore, the alignment of crushed powder can 
enhance the magnetic properties via microstructural refinement, and such, will be the 
focus of future work.  
Table 1. Summary showing coercivity (Hc), remanence magnetization (Mr) and 
magnetization (M at 30kOe) values from hysteresis loop with varying composition before 
(As-cast) and after heat treatment (HT). 
Sample 
Composition (at.%) Hc(kOe) M@30kOe (emu/g) Mr(emu/g) Hc(kOe) 
M@30kOe 
(emu/g) Mr(emu/g) 
Ce Co Fe Cu As-cast As-cast As-cast HT HT HT 
5Fe 16.3 59.5 4.9 19.4 2.2 32.9 21.2 10.8 31.9 23.5 
10Fe 16.3 54.5 9.9 19.4 2.6 43.1 31 9 43.7 35.9 
15Fe 16.3 49.5 14.9 19.4 2.5 42.8 18 8.7 42.1 28.4 
20Fe 16.3 44.5 19.9 19.4 0.8 52.3 15.3 5.4 57.5 24 
 
 
Fig. 3 Magnetic hysteresis loop of as-cast and heat treated Ce16.3Cu19.4Co59.5-xFex 
samples where x = (a) 5 at.% Fe, (b) 10 at.% Fe, (c) 15 at.% Fe and (d) 20 at.% Fe. 
  
To better understand the mechanisms behind the increase in Hc after heat 
treatment, the microstructure of the as-cast and heat treated alloys with varying Fe 
content were examined using back-scattered SEM, Fig. 4. It is known that CeCo5 has 
hexagonal CaCu5 structure,22 while Ce2Co7 and Ce2Co17 may exist in either hexagonal 
or rhombohedral modifications, which are simply derivable from the basic CaCu5 
packing. The close structural relationship between the 2:7, 1:5, and 2:17 phases can lead 
to some mutual solubility at high temperatures, particularly with Cu and Fe alloying 
additions.23 EDS measurements of as-cast samples with 5 at.% Fe (Fig. 4a) shows mainly 
Ce(CoFeCu)5 and a small amount of Ce2(CoFeCu)7 phase, which exhibit brighter 
contrast as marked by arrow. Looking at Figs. 4(c), (e) and (g), we see that with 
increasing Fe concentration, the volume fraction of secondary phases [Ce2(CoFeCu)7 and 
Ce2(CoFeCu)17] increases, which is confirmed by EDS measurements shown in Table 2. 
Based on image analysis, for 5 at.% Fe sample, the volume fraction of Ce2(CoFeCu)7 
(region A) is ~1.5%, which increases to ~6.3%  in the 10 at.% Fe sample as indicated by 
more clear and brighter white phase in Fig. 4c. Additionally, a few bands of darker grey 
contrast (region C) are embedded in the gray matrix of Ce(CoFeCu)5 phase (region B), 
which approximately corresponds to Ce(CoFeCu)5 composition, but deviate from the 
matrix. EDS mapping of light and dark bands of 10 at.% Fe (Fig. 5) reveals that dark 
regions are rich in Co and Fe, and poor in Cu and Ce. Moreover, brighter phases are rich 
in Ce. EDS measurements indicates that bright phase is from Ce2(CoFeCu)7, light grey 
region of the matrix is Ce(CoFeCu)5 and dark region is poor in Ce with slight deviation 
in composition from Ce(CoFeCu)5 phase. 
Table 2. EDS point measurements from different region in the as-casted samples with 10 
and 15 at.% Fe 
 
 
Region  Ce Co Cu Fe 
A-Ce2(CoFeCu)7 22.0 52.1 18.6 7.3 
B-Ce(CoCuFe)5 16.0 47.5 28.4 8.1 
C-Ce(CoCuFe)5 14.0 58.5 15.3 12.2 
 
 
 
Region Ce Co Cu Fe 
D-Fe(Co) 0.7 60.1 4.2 35.0 
E-Ce(CoCuFe)5 15.9 52.3 18.1 13.7 
F-Ce2(CoCuFe)7 21.0 51.1 17.6 10.3 
 
 
As-cast, 10 at% Fe As-cast, 10 at% Fe 
  
 
Fig. 4 Back-scatted SEM images of as-cast (upper row) and heat treated (lower row) 
samples of composition Ce16.3Cu19.4Co59.5-xFex  with varying x; where x = (a), (b) 5 at.% 
Fe, (c), (d) 10 at.% Fe, (e), (f) 15 at.% Fe and (g), (h) 20 at.% Fe 
 
 
Fig. 5(a) Back-scatted SEM image of as-cast sample with 10 at.% Fe and corresponding 
EDS mapping (b) Cu, (c) Co, (d) Fe and (e) Ce. 
 
Addition of Fe up to 15 at.% and 20 at.% results in the formation of dark 
dendrites in as cast samples shown in Fig. 4(e) and Fig. 4(g). EDS analysis shows that the 
dendrites are enriched with Fe and Co (region D) and surrounded by the Ce(CoFeCu)5 
phase in matrix. The Ce2(CoFeCu)7 phase exhibits a lamellar morphology and is brighter 
than other phases. Based on image analysis, volume fraction of both Ce2(CoFeCu)7 and 
Fe(Co) phases appear to increase with increasing Fe content from 15 to 20 at.% Fe, while 
Ce(CoFeCu)5 phase fraction decreases.  
The microstructures developed after heat treatment for 5, 10 and 15 at.% Fe are 
shown in Fig. 4 (b), (d) and (f), respectively. It is noteworthy that microstructures of 5-15 
at.% Fe samples appear to become much more homogenized by the heat treatment, with 
chemical analysis showing primarily Ce(CoFeCu)5 phase. The nature of the small 
amount of bright phase embedded in Ce(CoFeCu)5 matrix is unclear, and is part of 
continued investigation.   
It is well known that Hc is a structure sensitive extrinsic property affected by any 
structure change (e.g., morphology).24 Therefore, it is unusual to observe high values of 
Hc in samples with large grains (~100 – 300 μm) and no obvious precipitates that may 
serve as a domain pinning sites. Thus, since 5-15 at.% Fe heat-treated samples result in 
formation of only Ce(CoFeCu)5 phase with hexagonal crystal structure, the observed 
high Hc may be attributed to very high uniaxial anisotropy of this compound. This 
intrinsic magnetic subtleties will be clarified in the subsequent work. In contrast, the 
microstructure of heat-treated sample with 20 at.% Fe shows precipitate of 
Ce2(CoFeCu)17 phase at grain boundaries. The rectilinear grains of Ce2(CoFeCu)7 phase 
are embedded inside the grains. The chemical composition of the matrix is still 
Ce(CoFeCu)5, however there is a significant amount of 2-17 and 2-7 phases, which 
change the anisotropy, but appear to decrease Hc with this composition and/or grain size. 
This leads to a trade-off, i.e., decrease in Hc and increase in Ms. The 1:5 phase with a 
single easy axis, large magnetocrystalline anisotropy and very high anisotropy field is 
very important to the development of high Hc in this system.  
CONCLUSION 
We have used bulk combinatorial synthesis via LENS coupled with high-
throughput characterization techniques, to rapidly assess Ce-Co-Fe-Cu alloys with 
decreased critical elements for permanent magnet applications. Bulk sample libraries 
synthesized by LENS proved ideal for high-throughput characterization techniques of 
magnetic, thermal and structural properties. Using this approach, we have rapidly 
identified promising compositions and prepared those by more conventional melt 
processing and casting synthesis. The arc melted and cast alloys exhibited the predicted 
good combination of magnetic properties after heat treatment including high Hc (> 10 
kOe), which validates the robustness of using this rapid assessment approach to 
accelerate magnet alloy development.  
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